Influenza A and B viruses are globally distributed pathogens that cause yearly epidemics of respiratory disease in humans. The recommended trivalent influenza vaccine includes antigens from recently circulating strains of influenza A and B viruses. The vaccines, together with antiviral therapies such as rimantadine and neuraminidase inhibitors, offer some options for the prophylaxis and treatment of influenza. Despite the availability of these prophylactic and therapeutic measures, influenza viruses continue to be a significant cause of death associated with pneumonia and in the United States alone are responsible for thousands of deaths every winter (29) . There remain many unanswered questions as to the factors responsible for virulence, especially for influenza B viruses. Understanding the molecular mechanisms that contribute to viral virulence is likely to help in the design of novel therapeutic countermeasures.
One viral protein that is a candidate virulence factor of influenza B virus is the nonstructural protein 1 (B/NS1). The NS1 protein of influenza A virus (A/NS1) has been shown to have interferon antagonist properties that give the virus an advantage in its fight against the antiviral host response to infection. This effect is mediated at least in part by the ability of the A/NS1 protein to inhibit activation of IRF-3, a transcription factor required for the induction of beta interferon (IFN-␤) synthesis (13, 23, 25, 34, 35) Recent data (6, 28) have provided evidence that the B/NS1 protein also functions as an interferon antagonist, required for inhibition of IFN synthesis and for efficient viral growth. It was also reported that both the A/NS1 and B/NS1 proteins could block the activation of the IFN-inducible protein protein kinase R (PKR) in vitro (30) . Additional studies showed that the B/NS1 protein, and not the A/NS1 protein, blocks the conjugation of ISG15 to its target proteins both in vitro and in virus-infected cells (37) . ISG15 is a ubiquitin-like protein whose expression is transcriptionally induced by IFN-␣/␤. The B/NS1 protein appears to bind to and inhibit the activity of ISG15, although the biological significance of this is still unknown (36) . A second functional distinction between the A/NS1 and B/NS1 proteins is that the B/NS1 protein seems to lack a carboxy-terminal effector domain similar to the one found in the A/NS1 protein. As a result, the B/NS1 protein does not inhibit cellular mRNA polyadenylation, splicing, and nuclear export (30) .
Studies have shown that the first 93 amino-terminal amino acids of the B/NS1 protein can bind in vitro to the same RNA targets as the first 73 amino-terminal amino acids of the A/NS1 protein. Also, the first 93 amino acids of the B/NS1 protein form dimers, similar to the first 73 amino acids of the A/NS1 protein (30) . The crystal structure of the B/NS1 protein has not yet been solved, but computer modeling based on the crystal structure of the N-terminal domain of the A/NS1 protein has allowed alignment of the N-terminal RNA-binding domains of the two proteins, which are thought to possess similar ␣-helical structures (36) . We performed a mutational analysis of the RNA-binding domain of B/NS1 to determine the amino acid residues required for RNA binding and inhibition of IFN synthesis. We also tested independently the abilities of the N-sion plasmid were transfected into the cells. The CAT reporter (0.5 g) and 0.5 g of the luciferase plasmid were transfected, along with 4.0 g of the pCAGGS-B/NS1 (wild-type or mutant) plasmid, into 10 6 293T cells using a calcium phosphate mammalian transfection kit (Stratagene). Twenty-four hours posttransfection, the cells were infected with Sendai virus at an MOI of ϳ10; 24 h postinfection, the cells were harvested and assayed for CAT expression as previously described (22) . Luciferase protein expression was assayed using the Promega luciferase assay system according to the manufacturer's directions. Levels of CAT activity were normalized among samples according to the luciferase values.
Quantification of IFN-␣/␤ by bioassay. The levels of IFN-␣/␤ secreted by virus-infected cells were determined as previously described (20) . A549 cells were either mock infected or infected at an MOI of 2 with WT B/Lee or del NS1 B/Lee virus. Following infection, the cells were incubated with minimal essential medium containing 0.3% bovine serum albumin, and 24 h postinfection, the supernatants were harvested. Viruses present in the supernatant were UV inactivated by placing samples on ice 6 in below an 8-W UV lamp for 15 min with constant stirring. Vero cells were seeded in 24-well plates the day before and incubated with the UV-inactivated supernatants for 24 h. The preincubated Vero cells were then infected with NDV-GFP (MOI ϭ 2), and 24 h postinfection, the cells expressing GFP were visualized by fluorescence microscopy. A decrease in GFP expression was indicative of an antiviral state induced by IFN-␣/␤ present in A549 cell supernatants.
Quantification of human IFN-␤ by ELISA. A549 cells (10 6 ) were either mock infected or infected at an MOI of 1 with WT B/Lee or del NS1 B/Lee virus. At 18 h postinfection, 1 ml of supernatant was removed and tested for levels of human IFN-␤ by enzyme-linked immunosorbent assay (ELISA) (human IFN-␤ ELISA kit; FUJIREBIO Inc., Tokyo, Japan).
Immunofluorescence. Cells were fixed and permeabilized for 20 min at room temperature with 2.5% formaldehyde-0.1% Triton X-100. The fixed cells were washed extensively with phosphate-buffered saline (PBS) and then blocked with 3% milk in PBS-0.1% Triton X-100 for 3 h at room temperature. To visualize B/NS1 protein expression, the cells were then incubated with a rabbit polyclonal antibody directed against the influenza B virus NS1 protein (19) (dilution, 1:200) for 30 min. After being washed two or three times with PBS-0.1% Triton X-100, the cells were incubated for 30 min with Texas red-conjugated donkey anti-rabbit immunoglobulin G (HϩL) secondary antibodies (dilution, 1:200; Jackson ImmunoResearch Laboratories); all antibodies were diluted in PBS-0.1% Triton X-100. The cells were visualized using an Olympus IX-70 fluorescence microscope fitted with a Sony Catseye digital camera. For visualizing influenza B virus-infected cells, an NP-specific monoclonal antibody, BM3149 (1:300; DPC Biermann, Bad Nauheim, Germany) was used, followed by a secondary AlexaFluor 594-conjugated goat anti-mouse immunoglobulin G (HϩL) (1:750; Molecular Probes). The cells were viewed under a Nikon Axiophot 3000 microscope, and images were recorded by a SPOT RT digital camera.
IRF-3 translocation assay. Vero cells (ϳ10 5 ) were transfected with 0.5 g of pEGFP-C1-hIRF3 and 1.0 g of pCAGGS-B/NS1, pCAGGS-B/NS1(1-93), pCAGGS-B/NS1(94-281), or the empty vector (pCAGGS) using Lipofectamine 2000 as instructed by the manufacturer. Transfected cells were incubated at 37°C for 24 h and then infected at an MOI of ϳ10 with Sendai Cantell virus. Infections were performed in PBS for 1 h at 37°C. After 1 h, medium (Dulbecco modified Eagle medium with 10% fetal bovine serum) was added, and the mixture was incubated at 37°C for 12 h. IRF-3 localization was then visualized by fluorescence microscopy in cells that were fixed and immunostained using a monoclonal antibody against the B/NS1 protein. In experiments to determine IRF-3 translocation in influenza B virus-infected cells, MDCK cells were transfected with pEGFP-C1-hIRF3 and either mock infected or infected at an MOI of 1 with recombinant WT B/Lee or del NS1 B/Lee virus. The cells were stained for the viral NP protein at 8 h postinfection and analyzed by immunofluorescence microscopy. The percentage of cells with nuclear hIRF-3/GFP was calculated based on counting ϳ100 cells in several different fields at ϫ40 magnification (only cells expressing the B/NS1 proteins or viral NP protein were counted).
RESULTS
Expression of the B/NS1 protein complements the growth of del NS1/A virus. It has been shown that growth of a del NS1/A virus is impaired in IFN-competent systems, such as 10-day-old embryonated eggs and MDCK cells (10) . We have developed a complementation assay in which we express the A/NS1 protein in trans by transfecting MDCK cells with an NS1 protein ex- protein was able to complement the growth of the del NS1/A virus to levels slightly lower than those seen when the A/NS1 protein was expressed in trans. Figure 1 shows that transfection of expression plasmids for the A/NS1 or B/NS1 protein allowed the del NS1/A virus to grow to titers that were 3 to 4 log units higher than in cells transfected with the empty vector. These results indicate that the NS1 protein of influenza B virus can functionally replace the NS1 protein of influenza A virus in this assay. These observations are also in agreement with the previously demonstrated ability of the B/NS1 protein to prevent the activation of the IFN-␤ promoter by del NS1/A virus (6) . Expression of the B/NS1 protein inhibits IFN-␤ promoter activation and IRF-3 nuclear translocation in the absence of any other influenza B virus proteins. The A/NS1 protein is known to inhibit IFN-␤ promoter activation in Sendai virusinfected cells (33) . We next investigated whether the B/NS1 protein behaves in a similar fashion. In order to measure IFN-␤ promoter activation, we transfected 293T cells with a CAT reporter plasmid under the control of a mouse IFN-␤ promoter, together with a B/NS1 expression plasmid, pCAGGS-B/NS1. Twenty-four hours posttransfection, we infected the cells with Sendai virus, a known potent inducer of the IFN-␤ promoter. Plasmid-mediated expression of the B/NS1 protein effectively inhibits Sendai virus-induced IFN-␤ promoter activation, as seen in Fig. 2A , column 3. Stimulation of the IFN-␤ promoter is mediated by the activation of several transcription factors, including IRF-3. When activated, IRF-3 becomes hyperphosphorylated and translocates to the nucleus, where it participates in the transcriptional activation of the IFN-␤ gene (8, 26 ). Next, we tested the ability of the B/NS1 protein to inhibit Sendai virus-induced hIRF-3/GFP nuclear translocation. Consistent with the results from the IFN-␤ promoter activation studies, the B/NS1 protein prevented hIRF-3/GFP translocation to the nucleus (i.e., activation), as seen in Fig. 2C (B/NS1 WT ϩ Sendai panels).
Multiple basic amino acids within the N-terminal domain of the B/NS1 protein contribute to dsRNA binding. The structure of the N-terminal amino acids 1 to 73 that compose the RNAbinding and dimerization domain of the NS1 protein of influenza A virus has been described (4, 14) . Based on the threedimensional crystal structure, it was proposed that two basic amino acids, R38 and K41, interact directly with RNA molecules to mediate binding. When these basic amino residues were mutated to alanines, the resulting protein was defective in RNA binding (31) . Recent biophysical evidence confirms the roles that these basic amino acids play in RNA binding (5) . The crystal structure of the B/NS1 protein has not yet been solved. Nevertheless, it is known that N-terminal amino acids 1 to 93 comprise the RNA-binding domain of this protein (30) . Moreover, homology modeling has predicted that the RNA-binding domain of the B/NS1 protein has a dimeric sixfold ␣-helical structure similar to the A/NS1 protein (31) . We have analyzed the contributions to RNA binding of the basic amino acids within the N-terminal domain of the B/NS1 protein. A total of seven mutant B/NS1 proteins were generated in which either two or three basic amino acids were replaced with alanines (Fig. 3A) . Each of these mutant proteins was expressed in bacteria as a GST fusion protein and tested for binding to dsRNA by EMSA in vitro. Essentially all of the alanine mutants showed impaired dsRNA binding except for B/NS1 70/71 and B/NS1 83/86, and therefore, many of the basic amino acids that were important for dsRNA binding were located within the second ␣-helix.
The ability of the B-NS1 protein to inhibit Sendai virusinduced IFN-␤ promoter activation is not dependent on binding to dsRNA. We next went on to test the ability of each of the full-length mutant B/NS1 proteins to inhibit Sendai virus-induced IFN-␤ promoter activation by using a transfection-based reporter assay (Fig. 3B) . Among all of the mutants, only B/NS1 77/78 was completely inactive in its ability to inhibit IFN-␤ promoter activation. Interestingly, many of the mutant B/NS1 proteins that were attenuated for binding to dsRNA, like B/ NS1 33/38 and B/NS1 58/60/64, were still able to inhibit Sendai virus-induced promoter activation to levels similar to those of wild-type B/NS1 protein. This was unlike the behavior of the NS1 protein of influenza A virus, which was previously found to be impaired in blocking IFN-␤ promoter activation by mutations that adversely affected RNA binding (33) .
Both the N-terminal and C-terminal domains of the B/NS1 protein inhibit IFN-␤ promoter activation and IRF-3 nuclear translocation. Since an RNA-binding-defective protein such as B/NS1 58/60/64 was still a good inhibitor of IFN-␤ promoter activation, we hypothesized that the C-terminal domain might be involved in this inhibitory activity. Therefore, we tested separately the abilities of the N-and C-terminal portions of the B/NS1 protein to inhibit Sendai virus-induced IFN-␤ promoter activation. The results ( Fig. 2A) show that both the N-terminal RNA-binding domain and the C-terminal domain of the B/NS1 protein are independently able to inhibit IFN-␤ promoter activation. Next, we tested the abilities of the full-length and N-and C-terminally truncated B/NS1 proteins to inhibit Sendai virus-induced hIRF-3/GFP activation ( Fig. 2C and Table 1). Consistent with the results for the IFN-␤ promoter activation, both the N-and C-terminal domains of the B/NS1 protein were able to inhibit hIRF-3/GFP translocation to 
Del NS1/B virus infection of A549 cells induces significantly higher levels of IFN-␣/␤ production and of IRF-3 nuclear translocation than does wild-type influenza B virus infection.
Thus far, we have shown that the B/NS1 protein acts as an IFN antagonist based on its ability to inhibit IRF-3 and IFN-␤ promoter activation when expressed by plasmid transfection. A recombinant influenza B virus that does not express the NS1 protein (del NS1 B/Lee) was generated by reverse genetics, and this provided us with an invaluable tool for studying the function of the B/NS1 protein in the context of a viral infection (6) . We compared IFN-␣/␤ induction and hIRF-3/GFP nuclear translocation in cells infected with WT B/Lee or del NS1 B/Lee virus. Wild-type influenza B virus infection does not induce high levels of IFN-␣/␤ production, as determined by using both a bioassay and an ELISA kit for human IFN-␤. (Fig. 4A and  B) . However, when cells are infected with del NS1 B/Lee virus, there is a significant induction of IFN-␣/␤ production (Fig. 4A , left, and B, third column). Next, we monitored the activation of IRF-3 in cells that were infected with either WT B/Lee or del NS1 B/Lee virus using the hIRF-3/GFP-based translocation assay. Figure 4C and Table 1 show that at 8 h postinfection in del NS1 B/Lee virus-infected cells, the hIRF-3/GFP protein translocates to the nucleus, while the majority of cells infected with WT B/Lee virus have nonactivated, cytoplasmic hIRF-3/ GFP.
DISCUSSION
In this report, we have shown that the B/NS1 protein functions as an IFN antagonist. The B/NS1 protein prevents the nuclear translocation of IRF-3 and IFN-␤ promoter induction in virus-infected cells. These properties are similar to those of the A/NS1 protein that acts at the level of inhibition of IFN-␣/ ␤ synthesis by virtue of its ability to inhibit virus-induced IRF-3, NF-B, and c-Jun/ATF2 activation (16, 27, 33) . The fact that these two proteins show very little sequence identity yet have such similar functions in the viral life cycle emphasizes the importance of IFN antagonist proteins in determining the outcome of virus-host interactions. The A/NS1 and B/NS1 proteins share the ability to bind to dsRNA via an N-terminal RNA-binding and dimerization domain, and the ability of the A/NS1 protein to bind to dsRNA is required for optimal IFN antagonist activity (7) . In this study, we investigated the role of the dsRNA-binding activity of the B/NS1 protein in its IFN antagonist function.
We have shown that the N-and C-terminal domains of the NS1/B protein can independently inhibit IFN-␤ promoter activation and hIRF-3/GFP nuclear translocation. There is a correlation between the IFN antagonist activity of the N-terminal domain of the B/NS1 protein and its ability to bind dsRNA, suggesting that the sequestration of dsRNA during viral infection may be the mechanism by which the N-terminal RNA-binding domain of B/NS1 functions as an IFN antagonist. As expected, binding to dsRNA is greatly impaired by the deletion of the B/NS1(1-93) N-terminal domain. Therefore, we propose that the mechanism for IFN antagonist activity for the C-terminal region of the B/NS1 protein is independent of RNA binding. An RNA-binding-independent IFN antagonist function was also demonstrated for the A/NS1 protein, in which a specific mutant A/NS1 protein was found to be defective for binding to dsRNA but still maintained partial IFN antagonist activity (7). Likewise, there seems to be both RNAbinding-dependent (N-terminal) and -independent (C-terminal) mechanisms for mediating the IFN antagonist function of the B/NS1 protein. We suggest a mechanism whereby both the N-and C-terminal domains of the B/NS1 protein cooperate to produce a strong IFN antagonist. However, from our studies, we are unable to determine at this point what the relative contribution of each domain of the B/NS1 protein is to the IFN antagonist activity.
Mutational analysis of the basic amino acid residues within the RNA-binding and dimerization domain of the B/NS1 protein revealed that binding to dsRNA was adversely affected by many of these mutations. Most of the RNA-binding-defective mutants resulted from mutations of basic amino acids present in the predicted second ␣-helix, as shown in Fig. 3A . The resulting loss of dsRNA binding of the mutant B/NS1 proteins could be accounted for by several different possibilities. The alanine mutations could result in a loss of electrostatic interactions between the B/NS1 protein and dsRNA. It has been reported that the basic amino acids R38 and K41 within the RNA-binding domain of the A/NS1 protein directly interact with the dsRNA target. Mutation of these basic amino acids to alanine residues results in an A/NS1 R38AK41A protein that is defective in binding to dsRNA, apparently due to the loss of electrostatic interactions between the dsRNA and the A/NS1 protein (31) . Homology modeling of the RNA-binding domains of the A/NS1 and B/NS1 proteins revealed that the analogous basic amino acids within the B/NS1 protein are residues R50 and R53, and likewise, mutation of these residues to alanine results in a B/NS1 protein that is defective in binding to dsRNA (36) . Although in our studies we did not construct a mutant B/NS1 50/53 protein, both the B/NS1 47/50 and B/NS1 52/53/54 proteins are greatly impaired in their ability to bind to dsRNA. Another plausible explanation for the loss of dsRNA binding may be that the alanine mutations disrupt dimer formation of the B/NS1 protein. Like the A/NS1 protein, the dimerization of the RNA-binding domain of the B/NS1 protein is required for RNA binding (31) . Further analyses will have to be carried out in order to determine the role that the basic amino acids within the RNA-binding domain play in B/NS1 protein dimer formation. Finally, it is also possible that mutation of the basic amino acid residues within the RNA-binding domain of the B/NS1 protein have a significant effect on the overall threedimensional structure of the protein. With respect to this possibility, we consider the mutant B/NS1 77/78, which unlike the other RNA-binding-defective mutants lost all ability to inhibit IFN-␤ promoter activation. This complete loss of activity of both the N-and C-terminal domains of the B/NS1 protein may be due to a major structural rearrangement resulting in a nonfunctional protein.
The finding that the C-terminal region (amino acids 94 to 281) of the B/NS1 protein can independently inhibit Sendai virus-induced IFN-␤ promoter activation and IRF-3 nuclear translocation was quite intriguing. This is quite distinct from the proposed role of the C-terminal effector domain of the A/NS1 protein that is involved in stabilization and/or facilitation of A/NS1 dimer formation, thereby promoting the RNAbinding function of the A/NS1 amino terminus (32) . The Cterminal effector domain of the A/NS1 protein has also been implicated in the inhibition of host mRNA splicing (12, 15) , polyadenylation (3, 17) , and nuclear export (2, 9, 24) propose that the mechanism for IFN antagonist activity for the C-terminal region of the B/NS1 protein is independent of RNA binding and may involve direct or indirect interactions with cellular proteins, such as a kinase involved in IRF-3 activation or another factor involved in the transactivation of the IFN-␤ promoter. Further analysis of the activation status of IRF-3 in the presence or absence of B/NS1 by determining its phosphorylation, dimerization, CBP/p300 association, and DNA binding activities will most likely shed some light on the molecular mechanism by which B/NS1 inhibits IRF-3 activation.
It has recently been demonstrated that the NS1 protein of influenza B virus can suppress activation of the IFN-␤ promoter and the induction of IFN-␤ synthesis (6) . We have now shown that B/NS1-mediated inhibition of IFN-␤ synthesis correlates with the inhibition of IRF-3 nuclear translocation. This was demonstrated in two different assays. First, expression of the B/NS1 protein by plasmid transfection B/NS1 protein inhibits Sendai virus-induced nuclear translocation of hIRF-3/ GFP. Second, infection with wild-type influenza B virus did not result in IRF-3 activation at 8 h postinfection, while infection with a recombinant influenza B virus lacking the expression of the B/NS1 protein caused hIRF-3/GFP nuclear translocation (i.e., activation). These results are in contrast to a previous report by Kim et al., in which it was shown that infection with WT B/Lee/40 virus induced IRF-3 activation (11) . In that study, a higher MOI of B/Lee/40 virus was used for infection and the activation status of IRF-3 was determined at 4 h postinfection. These conditions may inherently favor IRF-3 activation, since the high multiplicity of infection used could result in an abundance of viral dsRNA and other viral components that may induce the activation of IRF-3. Also at early time points postinfection, such as 4 h, the level of NS1 protein expression might be very low and not sufficient to effectively inhibit IRF-3 activation.
It was demonstrated in previous studies that influenza A and B viruses that expressed altered NS1 proteins could be used as live attenuated viral vaccines in mice (28) . In these studies, influenza B viruses containing naturally occurring C-terminal truncations of the B/NS1 protein were found to be attenuated and immunogenic in mice. This observation is supported by our findings in this study that the C-terminal domain of the B/NS1 protein possesses IFN antagonist activity. Therefore, we predict that deletion of this region would result in a virus that is more attenuated than the wild-type virus. Viruses containing mutations within the B/NS1 N-terminal domain that adversely affect binding to dsRNA may also prove to be promising live attenuated vaccine candidates.
Although our studies clearly indicate that the B/NS1 protein is required to inhibit IFN-␣/␤ production during viral infection, at this time we cannot exclude the possibility that additional functions are encoded by the B/NS1 gene. In fact, it has been shown that the B/NS1 protein blocks the conjugation of ISG15 to its target proteins both in vitro and in virus-infected cells (37) . ISG15 is a ubiquitin-like protein that is induced to high levels of expression by IFN-␣/␤. Interestingly, there appear to be additional functions of the B/NS1 protein that are not related to its ability to antagonize the IFN-induced host antiviral response, since del NS1/B/Lee virus is significantly impaired in its ability to replicate even in IFN-deficient systems, such as Vero cells and 6-day-old eggs (6) . This observation suggests that the B/NS1 protein is somehow important for the propagation of the virus independent of its ability to counteract the effects of IFN-␣/␤. Future studies of virus replication and pathogenicity using influenza B virus NS1 mutants in both IFN-competent and IFN-deficient hosts will be needed to further investigate the functional role of the B/NS1 protein.
